The World Health Organization (WHO) currently recommends five different artemisinin (ART)-based combination therapies (ACTs) as the treatment for uncomplicated *Plasmodium falciparum* malaria worldwide ([@r1]). Typically, a fast-acting ART-based drug with short half-life is paired with a partner drug that has a longer plasma half-life to reduce the likelihood of resistance that might emerge from monotherapies. The ACTs were adopted worldwide more than a decade ago and have been widely successful in the efforts for malaria control and elimination. However, emerging ACT treatment failure in Southeast Asia is a major threat to malaria control ([@r2][@r3][@r4]--[@r5]). Currently, ART resistance is contained within the greater Mekong subregion centered on Cambodia, where slow-clearing ART-treated *P. falciparum* infections were first identified in 2007 ([@r6]). However, chloroquine and pyrimethamine resistance spread to the rest of the world from the same region over the last century. Therefore, given how few new antimalarial drugs are available and how drugs under development take nearly a decade to deploy, it is imperative that we safeguard the efficacy of ACT use worldwide for as long as possible.

The evolution and global spread of ART resistance would result in a major public health disaster, especially in Africa, where ACTs are heavily used in management of the nearly 90% of the cases of *P. falciparum* malaria occurring in children age \<5 y worldwide. Despite the success of ACTs over the past decade, one-half of the world's population (3.3 billion people) remains at risk for malaria infection. The magnitude of the health and economic threat posed by ART treatment failure has prompted an urgent call to action to develop strategies to circumvent the emergence and spread of ART resistance.

Effective malaria control in public health is aided by the identification of molecular markers of ART resistance for surveillance and an understanding of the underlying biological mechanism of action and resistance. Ariey et al. ([@r7]) were the first to report a mutation (M476I) in the *pfkelch13* propeller domain that was sufficient to confer reduced ART susceptibility. The mutation was identified in parasites (F32 from Tanzania) selected in vitro by stepwise increases in ART exposure over a 5-y period ([@r7]). Ariey et al. then analyzed the *pfkelch13* sequence of parasites derived from clinical cases with delayed clearance and in which the phenotype in an in vitro ring-stage survival assay (RSA) was scored as ART resistant. None of these field-isolated parasites carried the M476I mutation discovered by in vitro selection; however, the field-isolated slow-clearing parasites harbored mutations at other sites in the *Pf*Kelch13-propeller domain (Y493H, R539T, I543T, and C580Y) that correlated with the ART-resistant phenotype in vitro and in vivo ([@r7][@r8]--[@r9]). The RSA has subsequently become the standard in vitro assay for reduced ART susceptibility.

Since the discovery of mutations in the *pfkelch13*-propeller domain associated with drug resistance, increased genetic surveillance has identified many additional nonsynonymous SNPs in the *pfkelch13*-propeller domain in parasites isolated from a wide geographic range ([@r10][@r11][@r12][@r13][@r14]--[@r15]). The role of these *pfkelch13* polymorphisms in drug resistance remains to be determined.

Functional validation has confirmed the role of certain SNPs in the *pfkelch13-*propeller domain in conferring elevated RSA survival. Straimer et al. ([@r8]) genetically engineered the four *pfkelch13* mutations associated with slow parasite clearance following ART treatment in vivo, as well as the mutation conferring the M476I change identified in vitro into newly culture-adapted Cambodian isolates and other laboratory reference lines of *P. falciparum*. These authors showed that introduction of the *pfkelch13* mutations M476I, Y493H, R539T, I543T, and C580Y was associated with increased RSA survival rate, with I543T providing the greatest RSA survival benefit (40--49%) ([@r8]). Significant reductions in the RSA survival rate were observed on reversion of the mutations R539T, I543T, and C580Y back to the wild-type allele. Importantly, the degree of resistance was found to depend not only on the *pfkelch13* mutation, but also on the genetic background of the parasite ([@r8]). These findings illustrate the power of combining in vitro selection with investigation of extant population diversity to identify and functionally validate key proteins.

Recent work has demonstrated that the resistant RSA survival phenotype can occur in parasites exhibiting a wild-type *pfkelch13* sequence, indicating that there may be more than a single pathway to ART resistance ([@r16], [@r17]). In vitro ART selection experiments with *P. falciparum* and *Plasmodium chaubadi* have identified several putative targets that do not include *pfkelch13* ([@r18][@r19]--[@r20]). This is not surprising given the currently limited understanding of ART's mechanism of action, with more than 124 protein targets involved in multiple pathways ([@r21], [@r22]), further complicating the biological unraveling of ART resistance.

Our current understanding of ART resistance is based almost exclusively on observations in Southeast Asia. However, the parasite population, the history of ART use, and the selection pressures on the parasite population in Southeast Asia are very different from the situation in Africa. Polymorphisms in the propeller domain of *pfkelch13* associated with ART treatment failure have not yet been observed in Africa, although a common polymorphism (K189T) outside the propeller domain of *pfkelch13* is present in parasites, especially in West Africa ([www.malariagen.net/projects/p-falciparum-community-project](http://www.malariagen.net/projects/p-falciparum-community-project)).

As history shows, ART pressure in Africa is likely to result in the emergence of resistant parasites, and thus it is important to investigate mechanisms of ART resistance that can arise in the genomic context of African parasites. Toward this objective, we began selecting for ART resistance among culture-adapted parasite isolates from Senegal ([@r23]). The objective was to select drug-resistant mutants that could then be interrogated to identify a mechanism of resistance. We began these selection studies before publication of the study by Ariey et al. ([@r7]). Our in vitro selection yielded two parasite lines that lack *pfkelch13* mutations yet confer reduced ART susceptibility as measured by RSA.

Results {#s1}
=======

Selection of ART Resistance and Phenotype Characterization. {#s2}
-----------------------------------------------------------

We hypothesized that we could identify genetic variants in Senegal lines selected under ART drug pressure to find candidate genes that may contribute to ART resistance. We used intermittent in vitro selection with stepwise increasing drug concentrations to derive parasites with reduced ART susceptibility ([Fig. 1*A*](#fig01){ref-type="fig"}), and successfully generated two such lines. As parental lines for the selection, we chose two different culture-adapted Senegal field isolates, one from Pikine (SenP019.04) and the other from Thiès (SenTh032.09). We started with independent selections of both the parental lines, each with ∼10^9^ parasites per experimental group ([Fig. 1*A*](#fig01){ref-type="fig"}). We pulsed the cultures with dihydroartemisinin (DHA), the active metabolite of ART, until parasites were undetectable by microscopy. The treated cultures were then allowed to recover in the absence of drug pressure until ∼1% parasitemia was observed before starting the next drug pulse. Recovery in the absence of drug took between 7 and 60 d ([*SI Appendix*, Fig. S1](https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1812317115/-/DCSupplemental)).

![(*A*) Outline of in vitro selection protocol. Parasite lines were pulsed intermittently with (DHA), cycling on and off the drug until the culture was smear-negative, which took 4--12 d. Parasites were allowed to recover to 1% parasitemia in the absence of DHA, a process that took 7--60 d. The complete process of treatment to recovery is considered one selection cycle. Following each selection cycle, cultures were pulsed again with an increased concentration of DHA. (*B*) Drug concentrations applied to two populations originating from two field isolates from Senegal over 13 drug selection cycles. The arrow indicates the first appearance of *Pfcoronin* mutations in both selected lines.](pnas.1812317115fig01){#fig01}

The complete process of drug treatment to smear-negative culture, followed by recovery of the culture to 1% parasitemia, was considered one "selection cycle." After 13 selection cycles over a 4-y period, we isolated two laboratory-selected lines with reduced ART susceptibility ([Fig. 1*B*](#fig01){ref-type="fig"}). These lines, designated "Pikine_R" and "Thiès_R," were derived from the Pikine parent and the Thiès parent, respectively. An accompanying no-drug sibling control for each parental line was cultured in parallel but in the absence of drug pressure for approximately the same number of generations ([Fig. 1*A*](#fig01){ref-type="fig"}).

Increased ART resistance was assessed by a variety of phenotypic assays, including RSA and half-maximal effective concentration (EC~50~) assays, alongside the assessment of copy-number variation (CNV) in the gene *pfmdr1*, previously associated with antimalarial drug resistance ([@r24][@r25][@r26]--[@r27]). Reduced ART susceptibility in vitro is defined as increased survival by RSA following a pulse of DHA at a clinically relevant concentration (700 nM), with a survival percentage \>1% considered resistant ([@r7], [@r9]). In our assays, Cambodian isolates with *pfkelch13* mutations and delayed clearance exhibited the following RSA survival (%) values (mean ± SEM): C580Y, 18.6 ± 2.49; I543T, 7.51 ± 0.71; R539T, 22.8 ± 4.83; Y493H, 4.57 ± 1.19 ([@r16]). These values are in accordance with those reported by other laboratories ([@r7], [@r8]). [Fig. 2](#fig02){ref-type="fig"} shows the RSA phenotypes of the parental lines and those of the selected lines after 8 and 13 cycles of selection under drug pressure. After 13 selection cycles, Pikine_R, and Thiès_R show mean RSA survival percentages of 7.8 ± 1.0% and 7.6 ± 1.5%, respectively, and the parental lines are sensitive (RSA \<1%) ([Fig. 2](#fig02){ref-type="fig"} and [*SI Appendix*, Table S1](https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1812317115/-/DCSupplemental)). The RSA values of the selected lines are comparable to those observed for delayed-clearance Cambodian clinical isolates with mutations in *pfkelch13* ([@r16]) and also to the RSA values of the in vitro selected line described by Ariey et al. ([@r7]). Increased RSA values were also observed in bulk cultures of Pikine_R and Thiès_R after eight selection cycles under drug pressure ([Fig. 2](#fig02){ref-type="fig"}). In contrast, no changes in EC~50~ for ART or its derivatives ([*SI Appendix*, Fig. S2](https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1812317115/-/DCSupplemental)) and no changes in *pfmdr1* CNV ([*SI Appendix*, Fig. S3](https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1812317115/-/DCSupplemental)) were detected in the selected lines. Importantly, targeted sequencing of the *pfkelch13* locus using PCR revealed no genetic changes in this locus compared with the parental strains.

![RSA survival rates for Senegalese parental lines and their parasite populations that underwent drug selection for 8 or 13 cycles. Survival \>1% is considered elevated. Parasites after 8 or 13 drug selection cycles had significantly higher RSA survival rates compared with their parents (*P* \< 0.001). Results from two to three biological replicates with two technical replicates each are included.](pnas.1812317115fig02){#fig02}

Candidate Genes Associated with ART Resistance Identified by Genome Sequencing. {#s3}
-------------------------------------------------------------------------------

We performed whole-genome sequencing to identify single nucleotide polymorphisms (SNPs) in our ART-resistant selected lines and identified multiple nonsynonymous SNPs that differed between the selected drug-resistant lines relative to the original parental lines and no-drug sibling controls that had been cultured for a similar number of generations in the absence of drug. We eliminated SNPs in the highly variable subtelomeric regions, known to be subject to read mapping error. This narrowed the list of candidate genes to 10 SNPs in seven genes for further follow-up ([Table 1](#t01){ref-type="table"}). All candidate SNPs were confirmed by PCR amplification and Sanger sequencing.

###### 

Candidate genes identified by whole-genome sequencing in the two DHA selected lines

  ------------------------------
  ![](pnas.1812317115fx01.jpg)
  ------------------------------

Mutations indicated in red.

Mutations in some candidate genes were unique to a single selected line, while others were shared between the two lines ([Table 1](#t01){ref-type="table"}). Mutations in *PF3D7_1251200* encoding the protein *Pf*Coronin were found in both selected lines. We performed additional whole-genome sequencing of earlier selection steps and found that *pfcoronin* mutations first appeared after eight selection cycles in both the Pikine_R and Thiès_R lines, with the two mutations R100K and E107V in Pikine_R appearing concurrently ([Fig. 1*B*](#fig01){ref-type="fig"}). Mutations in *PF3D7_1433800* were the first to appear, after the sixth and seventh rounds of selection in Thiès_R and Pikine_R, respectively ([*SI Appendix*, Fig. S4](https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1812317115/-/DCSupplemental)).

Confirmation of the Role of *pfcoronin* Mutations in Conferring Reduced ART Susceptibility. {#s4}
-------------------------------------------------------------------------------------------

To functionally test the role of these mutations in ART susceptibility, we introduced the *pfcoronin* mutations into the parental parasite lines using CRISPR/Cas9 genome editing ([@r28], [@r29]) and carried out RSA phenotyping analyses. Successful knockins of *pfcoronin* mutations identified in Pikine_R (R100K and E107V) or Thiès_R (G50E) parasites into their respective parental backgrounds were verified by Sanger sequencing ([*SI Appendix*, Figs. S5*B* and S6*B*](https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1812317115/-/DCSupplemental)). Two independent clones for each background were obtained by limiting dilution of the bulk transfectant cultures and used in further analyses. *Pfcoronin* mutations were sufficient to confer reduced ART susceptibility based on RSA in CRISPR mutants from both Thiès and Pikine backgrounds ([Fig. 3](#fig03){ref-type="fig"}), while the EC~50~ response to ART and its derivatives remained unchanged ([*SI Appendix*, Fig. S7](https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1812317115/-/DCSupplemental)). CRISPR mutants with *Pf*Coronin R100K and E107V in the Pikine background (clones F4 and F5) had RSA survival of 6.8 ± 0.9% and 9.4 ± 1.1%, respectively, while the mutants with *Pf*Coronin G50E in the Thiès background (clones D4 and E4) showed RSA survivals of 5.2 ± 1.4% and 5.3 ± 0.7%, respectively, compared with their parents (RSA \<1%) ([*SI Appendix*, Table S1](https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1812317115/-/DCSupplemental)). These findings were robust and reproducible.

![RSA survival rates for parental Pikine and Thiès lines and their two CRISPR/Cas9 edited clones with *pfcoronin* mutation(s). Survival \>1% is considered elevated. *Pfcoronin* mutations identified in Pikine_R (R100K and E107V) and Thiès_R (G50E) were knocked into their respective parents. RSA survival rates were significantly higher for both independent clones in each background, Pikine (CRISPR F4 and CRISPR F5) (*P* \< 0.001) and Thiès (CRISPR D4 and CRISPR E4) (*P* \< 0.01) compared with their respective parental lines. Results from three biological replicates with two technical replicates each are included.](pnas.1812317115fig03){#fig03}

Discussion {#s5}
==========

After approximately 4 y of intermittent selection in vitro with stepwise increasing concentrations of DHA, we recovered two parasite lines with reduced susceptibility to ART from two recently culture-adapted parental lines from Senegal. Resistant parasites were recovered after approximately 13 selection cycles, with each exposure to drug followed by 7--60 d of recovery ([*SI Appendix*, Fig. S1](https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1812317115/-/DCSupplemental)). The resistant parasites show no change in sensitivity to ART by EC~50~ measurement and also no change in copy number of *pfmdr1*, a well-characterized gene known to be amplified in other instances of antimalarial drug resistance ([*SI Appendix*, Figs. S2 and S3](https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1812317115/-/DCSupplemental)) ([@r24], [@r30]).

Notably, no mutations were observed in the propeller domain of the *pfkelch13* locus in any of the selected lines. The parental and selected lines of both backgrounds did contain a common West African polymorphism in *pfkelch13* K189T, which is outside the propeller domain and does not confer ART resistance. We also found no evidence of SNPs in loci previously associated with ART resistance in Cambodian parasites, for example, mutations in apicoplast ribosomal protein S10 (*arps10*), multidrug resistance protein 2 (*mdr2*), ferredoxin (*fd*), and the chloroquine resistance transporter (*pfcrt*) ([@r31]). The selected ART-resistant lines from Senegal demonstrate that ART resistance not associated with *pfkelch13* can evolve in vitro.

Whole-genome sequencing identified multiple candidate SNPs, none of which has been reported previously ([Table 1](#t01){ref-type="table"}). The prime candidate was *pfcoronin*, which appeared in both independent resistant lines. All three SNPs identified in *Pf*Coronin (G50E, R100K, and E107V) were in positions that are conserved in *Plasmodium gaboni* and another apicomplexan parasite, *Toxoplasma gondii* ([*SI Appendix*, Fig. S8](https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1812317115/-/DCSupplemental)). G50 and R100 residues were also conserved in other *Plasmodium* species ([*SI Appendix*, Fig. S8](https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1812317115/-/DCSupplemental)). The Senegalese parental lines also had a common *pfcoronin* African polymorphism, S183G, in the WD40 domain ([www.malariagen.net/projects/p-falciparum-community-project](http://www.malariagen.net/projects/p-falciparum-community-project)), which by itself was not sufficient for elevated RSA survival. Some of the other candidate genes had more than one background mutation in the Senegalese parental lines.

Successful CRISPR/Cas9 editing to knockin *pfcoronin* mutations in both Senegalese parental lines resulted in an RSA-resistant phenotype ([Fig. 3](#fig03){ref-type="fig"}), confirming that *pfcoronin* mutations are sufficient for increased RSA survival. Although RSA phenotype levels are similar in Pikine_R and Pikine *pfcoronin* CRISPR mutants, in the Thiès background, RSA phenotype is slightly lower in the *pfcoronin* CRISPR mutants compared with the Thiès_R parasites. Thus, other mutations could be contributing to the reduced ART susceptibility in the Thiès background, which had only one *pfcoronin* mutation in the selected Thiès_R parasites.

SNPs in other candidate genes ([Table 1](#t01){ref-type="table"}) could also be contributing to parasite fitness, and their roles in facilitating or modulating ART resistance warrant further investigation. Of particular interest is *PF3D7_1433800*, a conserved protein of unknown function with no annotated domains on PlasmoDB ([@r32]) ([Table 1](#t01){ref-type="table"}). Mutation in this locus was one of the earliest to appear in both independently selected lines, suggesting a role in the acquisition of resistance or fitness observed in vitro.

*Pf*Coronin has a seven-bladed propeller domain composed of WD40 repeats and β-propeller folds in its N terminus, which is structurally similar to the six-bladed propeller domain found in the C terminus of *Pf*Kelch13 ([@r4], [@r16]). Although Kelch and Coronin proteins have distinct functions in eukaryotes, some Kelch domain-containing proteins are also actin-binding proteins, a function typical of Coronin proteins ([@r33]). The genomes of unicellular pathogens, including *P. falciparum*, encode only one single-copy gene for *coronin*. The protein that it encodes generally binds F-actin and has functions in proliferation, locomotion, and phagocytosis in eukaryotes ([@r34]). In the apicomplexan parasite *T. gondii*, Coronin is involved in F-actin organization as well as endocytosis and membrane recycling, processes crucial in the endoplasmic reticulum stress response ([@r35]). In *Plasmodium berghei*, Coronin knockouts have motility defects in the sporozoite stage ([@r36]), although their biological function outside of F-actin organization remains unexplored. *Pf*Coronin is also involved in F-actin organization via its N-terminal propeller domain and localizes to the parasite membrane ([@r37], [@r38]). Its disruption using the *piggyBac* transposon insertion system identifies *Pf*Coronin as dispensable to parasite growth ([@r39]).

Biological elucidation of ART resistance is complicated by the limited understanding of its mechanism of action and its promiscuity. Although ART activity is dependent on hemoglobin digestion ([@r40]), it touches players in multiple pathways ([@r21], [@r22]). Transcriptomics analyses of slow-clearing parasites from patients in Southeast Asia showed an up-regulation of stress-response pathways including the unfolded protein response (UPR) ([@r41]). Recent in vitro studies using *pfkelch13* mutants have corroborated the involvement of UPR protein synthesis ([@r42], [@r43]) while also implicating the phosphatidylinositol-3-kinase (PI3K) pathway ([@r44]) and global attenuation of protein synthesis via eiF2α phosphorylation ([@r45]). An up-regulation of genes involved in UPR has been reported even in in vitro-selected 3D7 parasites without *Pf*Kelch13 mutations ([@r19]). The same study implicated two loci, *pftrx1* (PF3D7_1457200) and *pfspp* (PF3D7_1457000), involved in antioxidant defense and endoplasmic reticulum-associated degradation, respectively, in the decreased ART sensitivity ([@r19]). DHA selection studies have also been performed in Dd2 parasites, implicating *pfmdr1* copy number and increased antioxidant activity ([@r24]). Another locus connected to reduced ART sensitivity independent of *pfkelch13* includes *pfap2-mu*, which codes for a subunit of clathrin-associated adaptor protein 2, suggesting involvement of the vesicular trafficking network ([@r20], [@r46]).

The resistance mutations of *Pf*Coronin identified in the present study are all in the N-terminal WD40 domain, which by itself has been confirmed to be involved in actin-organization ([@r37]). Therefore, given what is known about *T. gondii* Coronin and the mechanism of ART resistance in general, an attempt to unravel the resistance mechanism of *Pf*Coronin mutations will require an exploration of the protein's function in vesicular trafficking in addition to its functions in actin binding and stress response.

Our results demonstrate that reduced ART susceptibility can be mediated by genes other than *pfkelch13*. The WD40 domain of *Pf*Coronin is polymorphic in natural populations of *P. falciparum*; however, the variants identified in this study have not been observed in natural populations ([www.malariagen.net/projects/p-falciparum-community-project](http://www.malariagen.net/projects/p-falciparum-community-project)). It may be that mutants selected under laboratory conditions in vitro may be so deleterious in nature that they cannot spread in a population. Given these considerations, whether *pfcoronin* mutants will become a significant contributor to clinical ART resistance in Africa remains an open question.

Materials and Methods {#s6}
=====================

In Vitro Resistance Selection. {#s7}
------------------------------

Culture-adapted field isolates Thiès (SenTh032.09) and Pikine (SenP019.04) were maintained in culture in RPMI 1640 medium (Gibco) supplemented with 10% O^+^ serum. Long-term in vitro resistance selection followed an intermittent and stepwise selection protocol, whereby separate flasks of ∼10^9^ parasites were pulsed with increasing concentrations of DHA, beginning at 0.1 μM and increasing in 0.1-μM increments to 1.0 μM at the final selection step ([Fig. 1*A*](#fig01){ref-type="fig"}). Parasites were exposed to DHA for 48 h and then taken off DHA for 48 h. This treatment was repeated until the culture was smear-negative by Giemsa-stained thin smear microscopy (usually 4--12 d). Parasites were then allowed to recover off DHA. Recovery took between 7 and 60 d, with recovery time for cultures defined as the time until smear-negative culture reached 1% parasitemia. The complete process of drug treatment to a smear-negative culture followed by recovery time is considered one drug selection cycle. Following successful recovery, parasites were pulsed again with the same or a higher dose of DHA.

RSA. {#s8}
----

The 0--3 h RSA was performed as described by Witkowski et al. ([@r7], [@r9]). In brief, highly synchronized 0--3 h postinvasion rings were exposed to 700 nM DHA for 6 h, followed by removal of the drug. At 72 h after initial drug treatment, parasitemia was assessed by Giemsa-stained smear microscopy of thin smears. The ring-stage survival percentage was calculated as the fraction of surviving DHA-treated parasites over the DMSO-treated control of the same parasite line. An RSA survival percentage \>1% is considered to indicate resistance. An RSA for each parasite line was conducted at least twice with two technical replicates per biological replicate. Smears were blinded and counted twice, with at least 10,000 RBCs examined per smear count.

Drug Sensitivity Assays with SYBR Green I. {#s9}
------------------------------------------

Drug sensitivity assays were performed as described previously ([@r47]). In brief, parasites were grown to 0.8--1% parasitemia in 2% hematocrit in 100 μL total volume in 96-well plates. Parasite viability was determined by SYBR Green I staining of parasite DNA following 72 h or 96 h in culture. Dose--response curves for standard antimalarial drugs were generated from a 12-point dilution series of drugs, carried out in triplicate, centered on expected EC~50~ values reported in the literature, with three to four biological replicates performed for each drug. A SpectraMax M5 plate reader (Molecular Devices) was used to measure fluorescence, and data were analyzed with GraphPad Prism version 6. EC~50~ was calculated using nonlinear regression with the log(inhibitor) vs. response with a four-parameter variable slope curve-fitting equation.

*Pfmdr1* Copy Number Variation. {#s10}
-------------------------------

*Pfmdr1* copy number was determined by quantitative RT-PCR, following the method described by Ribacke et al. ([@r48]).

Genome Sequencing. {#s11}
------------------

Parasite DNA was extracted from in vitro cultures using QIAamp DNA blood kits (Qiagen). DNA samples were sequenced on the Illumina HiSEq 2500 for an average read coverage of 60--100×. Reads were aligned to *P. falciparum* v3 3D7 reference (MRA-102, NIH) genome assembly using BWA ([@r49]), and SNPs were called using GATK UnifiedGenotyper ([@r50], [@r51]).

PCR Amplification and Sanger Sequencing. {#s12}
----------------------------------------

Parasite DNA was extracted from in vitro cultures using QIAamp DNA blood kits (Qiagen), in accordance with the manufacturer's instructions. Primers were designed and ordered from Integrated DNA technologies to amplify candidate gene sequences in 500- to 800-bp overlapping amplicons, three to four amplicons per gene. For the verification of transfectants, primer combinations within and outside of the homology region were used to avoid amplifying the residual plasmid from transfection. PCR amplification was conducted as follows: 5 min at 95 °C; followed by 40 cycles of three-step amplification of 95 °C for 30 s, 55--58 °C for 45 s, and 68 °C for 30 s; and followed by a final extension at 72 °C for 7 min. DNA was purified using a ZymoKit DNA Purification Kit according to the manufacturer's instructions. Sanger sequencing was performed by Macrogen USA. The primers used for PCR are listed in [*SI Appendix*, Table S2](https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1812317115/-/DCSupplemental).

Gene Editing of *pfcoronin* Locus. {#s13}
----------------------------------

For the knockin of *pfcoronin* mutations into the parental background, guides targeting *pfcoronin* were designed using two separate online tools: Benchling ([https://benchling.com/](http://benchling.com/)) and CHOPCHOP ([chopchop.cbu.uib.no](http://chopchop.cbu.uib.no/)). Two guides were designed per SNP knockin [*SI Appendix*, Figs. S5 and S6](https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1812317115/-/DCSupplemental). All guides were individually annealed and ligated into the BbsI-digested pDC2-Cas9-U6-hDHFR plasmid, generously provided by Marcus Lee, Wellcome Sanger Institute, Hinxton, UK, which contains the U6 snRNA polymerase III promoter and regions for expression of the Cas9 enzyme and human DHFR drug selection cassette, as described previously ([@r52], [@r53]). Homology regions ([*SI Appendix*, Figs. S5 and S6](https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1812317115/-/DCSupplemental)) were amplified from the resistant parasite gDNA using the primer sets listed in [*SI Appendix*, Table S2](https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1812317115/-/DCSupplemental) and cloned into Zeroblunt TOPO vector (Thermo Fisher Scientific). Site-directed mutagenesis was performed using the QuickChange II Site-Directed Mutagenesis Kit (Agilent) to scramble guide targeting sequences in the homology region.

Transfection was performed on 6--8% sorbitol synchronized rings from SenTh032.09 (Thiès parent) or SenP019.04 (Pikine parent) with 50 μg each of two Cas9 plasmids containing two different guides and 50 μg of circular TOPO vector containing the target homology region using a Bio-Rad Gene Pulser at 0.31 kV and 960 µF, as described previously ([@r54]). After transfection, RBCs were plated at 5% hematocrit in complete medium. Transfected parasites were allowed to recover overnight before the addition of 5 nM WR99210. Drug selection was continued for 72 h. Parasite recovery in drug-free media was monitored by microscopy twice a week. Parasites started to appear in the transfection cultures after approximately 15--25 d posttransfection. Once parasitemia was \>1%, DNA was isolated from bulk transfectants and verified by Sanger sequencing as described above ([*SI Appendix*, Table S2](https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1812317115/-/DCSupplemental)). After confirming successful transfection via PCR screening of the bulk transfectant gDNA, dilutional cloning was performed in 96-well plates to obtain at least two confirmed CRISPR-edited parasite clones.
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